A multiguide directional coupler with a gratinglike indium-tin-oxide electrode on a planar nematic liquid-crystal film is studied. The linearly polarized beam can be coupled into adjacent channels with the periodic modulation of the refractive index by applying a periodic electric field. The intensity distribution of coupling in the transverse direction varies with the distance of beam propagation. The coupling effects, which depend on the polarization of the incident beam and the temperature of the liquid crystals, are also discussed.
I. INTRODUCTION
The optical waveguide is important in integrated optical circuits in optical signal processing and networking applications. 1 The guiding of light in thin films and layered structures has attracted considerable interest. Gia Russo and Harris 2 and Burns and Warner 3 studied guided light in layered crystalline media and found that guided modes that contain extraordinary components exhibit directional characteristics. Sosnowski 4 conducted experimental studies of using nematic liquid crystals as a waveguide cladding material and exploited their uniaxial properties to produce a mode filter. Channin 5 and Sheridan et al. 6 demonstrated waveguiding in the liquid-crystal medium. Nematic liquid crystals ͑NLC͒ are characterized by the preferred orientation of the molecules along the nematic director and a refractive index that depends on the molecular orientation. Therefore, the characteristics of light propagation in a liquid-crystalline optical waveguide can be altered by applying an external field to change the alignment. The unique properties of nematic liquid crystals have led to their extensive applications in electrically controllable devices, including optical retarders, polarization rotators, intensity modulators, and switches. [7] [8] [9] [10] [11] This work investigates a directional coupler that comprises a layer of planar-aligned nematic liquid crystals with a gratinglike electrode. Significant and stable coupling of beam propagation was obtained with an applied voltage of 5.4 V because the refractive index was periodically distributed. 12 Based on this optimal beam coupling condition, the intensity distributions associated with beam coupling in the transverse direction are studied at various propagating distances; the dependence of the beam coupling of the incident beam on the polarization and the dependence of the beam coupling of the liquid crystals on temperature will also be studied.
II. EXPERIMENT
The nematic liquid-crystal cell is constructed with two indium-tin-oxide ͑ITO͒-coated glass plates. One of the two plates is etched with a gratinglike ITO pattern as an upper electrode that comprises equally spaced electrode stripes with a width of 12 m. The other plate serves as a common bottom electrode. These two plates are also coated with polyimide film and rubbed parallel to the ITO electrode stripes. The transparent Mylar sheet with a thickness of 15 m is used as the spacer of the cell assembly. The nematic liquid crystal under investigation is E7, which was obtained from E. Merck. The temperature range of the nematic phase of E7 is from −10 to 60.5°C. The NLC molecules are anisotropic and exhibit optical birefringence. The extraordinary and ordinary refractive indices ͑n e and n o ͒ are 1.7354 and 1.5175, respectively ͑measured at a wavelength of = 644 nm, and a temperature of T =20°C͒ ͑Ref. 13͒. The NLC molecules are capillarily injected into the empty sample cell to form a multiguide device. The planar alignment of the NLC cell is further verified by using the conoscopic method. Figure 1 presents the experimental setup of a multiguide directional coupler. Figures 1͑a͒ and 1͑b͒ show the side view and the top view of the experimental configuration, respectively. The normal direction of the ITO glass plate is the x axis and the stripe of the patterned ITO electrode is parallel to the z axis. The molecular director of the NLC is initially parallel to the z axis. A linearly polarized beam of the cw frequency-doubled Nd: YAG ͑yttrium aluminum garnet͒ laser impinges normally onto the side glass of the sample cell and is focused on the cross-sectional region of the NLC medium within the gratinglike electrode channel, using a gradium singlet lens ͑GPX043LR.14 Newport Co͒. The lens is adjusted so that its focal point inside the cell is around 3 mm from the surface of the side glass, with a focus spot of around 3.4 m in diameter. 14 The power of the incident laser beam is measured to be 15 W. The polarization of the laser beam is arranged perpendicular to the molecular director of the NLC. A half-wave plate and a Glan-laser polarizer are inserted between the Nd: YAG laser and the spatial filter, to change the direction of polarization and the intensity of the incident beam. Applying a voltage to the sample causes the electric field to be periodically distributed between the upper electrode with a gratinglike ITO film and the bottom electrode with a uniform ITO film. The refractive index determined by the reorientation of the NLC molecules is periodically distributed and the optical channels are formed under the gratinglike ITO electrode stripes. The coupling variation of optical power in the transverse direction is studied by changing the polarization of the incident beam with a fixed voltage of 5.4 V. The dependence of the beam coupling of the liquid crystals on temperature is also studied using a temperature-controlled chamber with an accuracy of ±0.1°C. Images of the beam coupling structure are recorded using a microscope equipped with a digital camera. Figure 2͑b͒ presents the transverse intensity distribution of beam coupling at the various positions marked in Fig. 2͑a͒ .
III. RESULTS AND DISCUSSIONS
According to the theory of multiguide directional coupling, the energy can be transferred from one channel to adjacent channels in a medium with a periodically distributed refractive index. The propagation of the optical wave along the z axis in the nth channel is governed by
where n is the channel number ͑n =0, ±1, ±2,…͒; ␣ is the attenuation in a single channel, and K is the coupling coefficient between two adjacent channels. The coupling coefficient depends strongly on the amplitude modulation of the refractive index ⌬n. The increase in ⌬n increases the coupling coefficient and strengthens the energy coupling effect. The incident beam is focused directly into a single channel and the propagation distance is measured from the focal point of the laser beam. At z =0 m, most of the energy is confined in a single channel and the energy coupling in the adjacent channels is unclear. The energy in the original single channel is continuously transferred to adjacent channels by the coupling effect as the propagation distance increases. At z =85 m, the energy coupling in various adjacent channels is noticeable. As the incident beam propagates further along the z axis, the energy is coupled into more adjacent channels and the intensity in the zeroth-order channel declines from 225 ͑arbitrary unit͒ at z =0 m to 30 ͑ar-bitrary unit͒ at z = 395 m. However, the energy coupling increases the intensity in the adjacent higher-order channels. The results demonstrate that the coupling effect is strong when the beam coupler device is suitably designed. Figure 3 presents the evolution of the beam coupling with various polarizations of the incident beam. The polarization of the incident beam is adjusted by rotating a polarizer from 0°to 90°͑corresponding to changing the polarization of the incident beam from x polarized to y polarized͒. The intensity of the incident beam remains constant as the polarization is changed. In Figs. 3͑a͒-3͑d͒ , the polarization angles of the incident beam are 0°, 45°, 60°, and 90°, respectively. Figures 4͑a͒-4͑d͒ present the transverse intensity dis- In the case of the x-polarized beam ͓Fig. 4͑a͔͒, the incident beam that impinges on the coupler experiences extraordinary ͑n e ͒ and ordinary ͑n o ͒ refractive indices in the regions with and without the upper electrode stripe, respectively. The difference between these refractive indices ⌬n͑=n e − n o ͒ causes the energy in the zeroth-order channel to be transferred to the adjacent high-order channels, yielding a multiguided directional coupler. Considering the polarizations of the incident beam other than the x polarization, the effective refractive index experienced by the incident beam is a function of the polarization angle, according to,
where is the angle between the x axis and the polarization of the incident beam. As the polarization angle is varied from 0°to 90°, the effective refractive index n eff ͑͒ experienced by the beam in the regions with the electrode stripe is reduced; the refractive index is constant in the regions without the electrode stripe. The modulation of the refractive index influences the beam coupling. Therefore, the decrease in the anisotropy of the refractive index weakens the coupling. The coupling effect gradually decays as the polarization angle is increased. The energy coupling into the adjacent high-order channels is sharply reduced when the polarization angle exceeds 45°. The energy coupling into the adjacent channels is minimized when the incident laser beam is linearly polarized in the y direction because the incident beam experiences almost the same ordinary refractive index in the regions with and without the electrode stripe. The results reveal that the coupling effect is directly influenced by the polarization of the incident beam and can be reversed by changing the polarization of incident beam. The dependence of the beam coupling effect of the liquid crystals on temperature is also studied in the temperature range of the nematic phase. The beam coupling is reduced as the temperature is increased and disappears near the clear point of the liquid crystals. The extraordinary and ordinary refractive indices of the nematic liquid crystals typically strongly depend on temperature. For liquid-crystal E7, the extraordinary refractive index decreases and the ordinary refractive index increases as the temperature rises in the nematic phase. The incident beam experiences a smaller difference between the refractive indices of the two regions with and without the electrode stripe, as the temperature increases in the nematic phase. Therefore, the coupling effect weakens as the temperature increases. The scattering of the light wave caused by the thermal fluctuations is so severe that the coupling effect disappears as the temperature approaches the clear point of the liquid crystals. This observation reveals that the coupling effect can be switched by changing the temperature of the liquid crystals.
IV. CONCLUSIONS
A multiguide directional coupler with the gratinglike electrode on a planar NLC film is studied. Applying an external voltage establishes a periodically distributed electric field that causes periodic reorientation of the liquid crystals. Therefore, the linearly polarized beam experiences coupling because of the periodic modulation of the refractive index; the energy coupling into the adjacent channels is a function of the propagation distance. The transverse intensity distribution of beam coupling depends on the polarization of the incident beam. The x-polarized incident beam experiences the strongest coupling effect whereas the y-polarized incident beam experiences the weakest coupling effect. The beam coupling effect also depends on the temperature of nematic liquid crystals. It decays as the temperature increases and disappears as the temperature approaches the clear point of the liquid crystals. This work demonstrates that a promising multiguide directional coupler can be achieved using switchable liquid-crystalline optical channels. The beam coupling effect can be adjusted by modifying the polarization of incident beam and is affected by the temperature of the liquid crystals.
